If neutrinos are Dirac particles, their right-handed partners must be present in the theory. Once introduced in the Standard Model (SM), the difference between the baryon number B and the lepton number L can be promoted to a local U (1) B−L symmetry since the corresponding gauge anomalies can be canceled by the right-handed neutrinos. Furthermore, the extremely small neutrino mass can be explained naturally if it is originated from the quantum correction. In this work, we propose simplest models of radiative Dirac neutrino mass using only U (1) B−L symmetry, and without introducing additional fermions and without imposing ad hoc symmetries. In this simple framework, we provide minimal models where Dirac neutrino mass appears at the (i) one-loop, (ii) two-loop and (iii) three-loop. We show that the minimal oneloop model requires three beyond SM scalar multiplets, whereas minimal two-loop and three-loop models require five. The presented two-loop and three-loop Dirac mass models have not appeared in the literature before. *
Introduction
Neutrinos are massless in the Standard Model (SM), however, experimentally [1] [2] [3] [4] it is well established now that this cannot be true. Hence, the SM needs to be extended to incorporate neutrino mass. There exist vast literature on neutrino mass generation, among them, radiative 1 generation of neutrino mass is one of the most widely studied scenario.
For models belonging to this class, two most popular mechanisms are: the one-loop Zeemechanism [6] and the two-loop Zee-Babu mechanism [7, 8] . In addition to yet unknown mechansim behind the neutrino mass generation, another greatest mysteries of particle physics is whether the neutrino is Dirac or Majorana like particle. There is no theoretical preference and the issue needs to be settled experimentally. Great amount of experimental effort [9] [10] [11] [12] is going on to come to a possible settlement. However, since all the fermions in the SM acquire Dirac mass, it is quite natural to expect that neutrino is also Dirac in nature. Theoretically the nature of the neutrinos may be closely related to the U (1) B−L symmetry and the way it breaks down, for details see [13, 14] . Despite the vast literature on neutrino mass generation of the Majorana type 2 , just recently Dirac neutrinos have gained a lot of attention to the particle physics community [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
If neutrinos are Dirac in nature, then the right-handed partners must be present into the theory. The main difficulty faced while constructing a radiative Dirac neutrino mass model is to introduce ad hoc symmetries beyond the SM (BSM) to forbid both the tree-level Dirac mass and the Majorana mass terms. Mechanisms implemented to forbid these terms not only introduces complexity in the theory but also fails to explain the reason behind the presence of these symmetries in the first place. Most of the constructions in the literature use ad hoc discrete symmetries, except only few recent works [24, 29, 30] that are based on U (1) B−L symmetry 3 . However, in these works, even though U (1) B−L is the only symmetry used to forbid the unwanted terms, but extra fermion multiplets BSM are introduced to make the theory anomaly free, to generate Dirac neutrino mass, and to have dark matter (DM) candidate. For most of the cases, new fermions come with more than one generation.
Furthermore, the presence of few BSM scalar multiplets are also necessary to complete the loop diagrams.
Instead, to reduce the complexities in the theory, we aim to search for the simplest models of Dirac neutrino mass without the presence of the additional fermions. Even though in this work we are not interested in the ultraviolet completion, but the motivation behind this can be justified as follows. The well motivated grand unified theory (GUT) based on SO(10) gauge group, in its minimal realization contains only the SM fermions and the right-handed neutrinos. The other widely studied GUT which is based on SU (5) gauge group contains no extra fermions beyond the SM, however, right-handed neutrinos can be trivially added since they are the gauge singlets. In this work we explore the possibilities of building Dirac neutrino mass models using the baryon number minus the lepton number U (1) B−L symmetry offered by the presence of the right-handed neutrinos in the theory to form Dirac pair. Our set-up is the simplest in the sense that many of the complexities can be avoided because, no additional fermions are introduced and no ad hoc symmetries are imposed to generate radiative Dirac neutrino mass. Within this framework, we propose minimal models of Dirac neutrino mass at the (i) one-loop, (ii) two-loop and (iii) three-loop level. We show that within the minimal scenario, one-loop realization requires three BSM scalar multiplets whereas two-loop and three-loop realizations require five multiplets. To the best of the author's knowledge, the presented two-loop and three-loop Dirac neutrino mass models in this work are not realized in the literature before. Though the presence of DM is not required in this set-up, but the possible DM candidate in this class of models is briefly discussed.
In short, the main novelties of our work is to generate radiative Dirac neutrino mass with only U (1) B−L symmetry, no ad hoc symmetries are imposed and furthermore, other than the right-handed neutrinos that are required to make U (1) B−L anomaly free, no extra fermions are added to the SM.
Framework
The SM has accidental baryon number U (1) B and lepton number U (1) L conservation symmetries that are anomalous and cannot be gauged without the additions of quite a few number of new fermions into the theory. However, the difference between the baryon number and the lepton number symmetry U (1) B−L can be made non-anomalous by adding the right-handed partners, ν Ri of the SM neutrinos, ν Li . Anomaly cancellation demands one of the two solutions, the lepton number of the right-handed neutrinos to be vector charges: [44] [45] [46] . Since all the charged fermions in the SM acquire Dirac mass, it is quite natural to expect that ν L and ν R pair up to form four-component Dirac fermion and as a result the neutrinos also receive Dirac mass.
Since the U (1) B−L symmetry is anomaly free, it is natural to gauge this symmetry. Also unlike discrete and global symmetries, gauge symmetries are known to be respected by gravitational interactions. This is why we prefer to gauge U (1 In this work we construct simple ways of neutrino mass generation by demanding the following requirements:
• Neutrinos are Dirac type particle.
• Neutrino mass originates from quantum correction.
• No additional fermions are introduced except the three right-handed neutrinos.
• No additional symmetries are imposed except the U (1) B−L that is automatically offered by the presence of the right-handed neutrinos.
We provide examples of minimal models for one-loop, two-loop and three-loop scenarios. In our framework the lowest order operator to generate radiative Dirac neutrino mass is the following dimension-5 operator:
Here σ 0 is a scalar singlet of the SM and we assume that our theory allows the presence of this operator. Based on this dimension-5 operator we build minimal models of one-loop and two-loop Dirac mass for neutrino. In the three-loop neutrino mass model, dimension-7 operator given in Eq. (2.2) is responsible for non-zero neutrino mass. represents the direction of the iso-spin doublet flow. From Eq. (2.1), the topologies that we are interested in can be constructed straightforwardly and are presented in Fig. 1 for one-loop scenario and in Fig. 2 for the case of two-loop. We will use these topologies as a guidance to build minimal models within our set-up. We stress the fact that not all the topologies can satisfy the set of requirements listed above and we will discuss them case by case. In these figures, the blue colored arrow represents the direction of the iso-spin doublet flow. Each of the different topologies is labeled as: T-x-y-z, where x=I for one-loop (x=II for two-loop), y=F corresponds to the case when the SM Higgs doublet is attached to fermion line (y=H when the SM Higgs doublet is attached to scalar line) and z=i, ii, ... to differentiate among topologies with same x and y labels. The topologies corresponding to the three-loop models will be presented later in the text.
First we would like to determine the BSM scalar multiplets to complete these loop diagrams. To do so, first we look at the structure of the possible fermion bilinears. These will also revel the multiplets that can give rise to the unwanted tree-level Dirac or Majorana mass terms. We only introduce BSM scalars that are color blind, hence the symmetry that we are interested in is:
Under this symmetry, the quantum numbers of the leptons and the SM Higgs doublet are presented in Table I . Since we do not introduce additional fermions, the number of possible fermion bilinears are limited and
given by:
From these bilinears, it is clear that to avoid tree-level neutrino Dirac mass term, (2, − , +3) Higgs multiplets cannot be present. If they do, one needs to make sure that the electrically neutral component of the corresponding doublet field does not acquire any VEV, which might be a difficult task to arrange and may require the existence of some additional discrete symmetries. And similarly, to forbid the Majorana mass terms
(1, 0, −10), (1, 0, −1) and (1, 0, +8) Higgs multiplets are not allowed in our theory.
For our model building purpose, we use the structure of the above bilinears to select the appropriate Higgs multiplets for radiative neutrino mass generation. So the U (1) B−L symmetry plays the crucial role to forbid all the unwanted terms. As long as this symmetry is preserved, neutrinos are massless at all order of the perturbation theory within our framework. However, due to spontaneously breaking of the U (1) B−L symmetry, neutrinos receive Dirac mass via quantum correction. We achieve this symmetry breaking by the SM singlet scalar σ 0 that carries a non-trivial charge under U (1) B−L . When this field acquires VEV, the dimension-5 operator in Eq. (2.1) generates non-zero neutrino mass at one-loop and two-loop. The lowest dimension for which neutrino mass can be generated is seven of Eq.
(2.2) for three-loop scenario. As a result of this symmetry breaking, the imaginary part of σ 0 will be eaten up by the corresponding gauge boson Z . In this framework Z can be made sufficiently heavy to evade collider constraints. For low Z mass, interesting phenomenology may emerge, however in this work we do not discuss such possibilities rather focus mainly on the ways of neutrino mass generation.
Minimal models
In this section we present the models of Dirac neutrino mass at (i) one-loop, (ii) two-loop and (iii) three-loop based on the set-up discussed in the previous section 2.
One-loop model
For one-loop Dirac neutrino mass generation, there are two different expected topologies depending on the direction of the flow of the iso-spin doublet within our framework as shown in Fig. 1 . However, between these two, only model with topology T-I-F-x can be realized.
The absence of the T-I-H-x topology is due to not allowing additional fermions BSM, which is one of our requirements. As a result the internal fermion line cannot be completed for the diagrams of type T-I-H-x. However, by relaxing this requirement, topology of this type can be built using U (1) B−L symmetry [24, 29, 30] .
A very simple model with T-I-F-i topology can be constructed by extending the SM Higgs sector by only three scalars: a SM singlet scalar to break the U (1) B−L symmetry and two singly charged scalars. The quantum number of these multiplets are presented in Table   II and the corresponding Feynman diagram is shown in Fig. 3 . This is the most minimal model of radiative Dirac neutrino mass existing in the literature. It is because, no ad hoc symmetry is imposed, no BSM fermion is introduced and in this case only three BSM Higgs multiplets are required. Any other model demands more than one BSM chiral fermions along with more than one BSM scalar multiplets, making the model more complicated compared to this simplest realization. By introducing a Z 2 symmetry, this diagram was first realized in [47] and later discussed in [48] . In the context of U (1) B−L symmetry, this model was just recently reappeard in [29] . In this model the relevant Yukawa Lagrangian is given by:
Where i, j = 1 − 3 and k = 2, 3 are the generation indices. Note that y ξ is 3 × 3 antisymmetric matrix, and since ν R1 carries a different U (1) B−L charge compared to the other two generations as a result one has y S 11,12,13 = 0. The relevant part of the scalar potential contains the following cubic term to complete the loop in Fig. 3 :
Neutrino mass will be generated when the neutral singlet σ 0 that carries +3 unit of charge under the U (1) B−L acquires non-zero VEV. Electroweak (EW) symmetry also needs to be broken for this diagram to contribute to neutrino mass. This specific charge assignment for σ 0 multiplet is required to complete the loop as can be seen from the corresponding Feynman diagram 3. The corresponding neutrino mass matrix has the form:
Here Λ is the mass scale associated with the heaviest BSM scalar multiplet running in the loop. The Yukawa coupling y ξ is anti-symmetric, as a result, one of the neutrinos always remain massless to all order since det(y ξ ) = 0, irrespective of the restrictions on y S . Since ν R1 has no interaction due to a different B−L charge assignment, it is one of the two massless chiral states and contributes to N ef f , the effective number of relativistic degrees of freedom.
Since this chiral state does not couple directly to the SM particles, it decouples from the rest of the theory early in the universe, hence does not conflict with any cosmology [28, [49] [50] [51] .
After the breaking of the U 
Where, H i represents the two singly charged mass eigenstates and θ represents the corresponding mixing angle. Solving this system requires y S 21,31 = 0 and the rest of the parameters are fixed as: Here c ij = cos(θ
P M N S ij
) and s ij = sin(θ The presence of the Yukawa couplings y ξ ij give rise to lepton flavor violating (LFV) decays, i → j γ, among them the most stringent constraints comes from µ → eγ process.
Using the above derived relations, the corresponding branching ratio is given by: Fig. 4 . In this plot all the neutrino observables are varied within their experimental 3σ range [4] . Other interesting processes of this model are µ → eee and µ − e conversion in the nuclei and so on, for general analysis of LVF processes and for LHC phenomenology we refer the reader to [47, 48] .
Two-loop models
In this subsection, we present the simplest two-loop Dirac neutrino mass models within our framework. As aforementioned, we are interested in topologies presented in Fig. 2 as a realization of the dimension-5 operator of Eq. (2.1). First we point out that, out of the four topologies, the diagram of type T-II-F-x cannot be generated with only the SM fermions. Similar to that of T-I-H-x topology as discussed before, the internal fermion line cannot be completed and demands chiral fermions BSM, however, we do not pursue in this direction here. Below we present the models with topology of type T-II-H-x. Realization of this topology in our set-up demands five BSM scalar multiplets. By comparison with the existing models in the literature, we will show that our models require less number of BSM Figure 5 : Two-loop Dirac neutrino mass for the particle content shown in table III.
states. Table   III 
For topology T-II-H-i the particle content with quantum numbers is presented in
Here y χ is a 3 × 3 symmetric matrix in the generation space. And the relevant part of the scalar potential that contribute to complete the loop diagram is:
The neutrino mass matrix in this case has the following form:
For topology T-II-H-iii, the model is presented in Table. IV, and the corresponding Feynman diagram in Fig. 6 . Model with T-II-H-iii topology can be found by replacing the singly charged scalar Ω + of the previous model (Table III) by an iso- 
In this case, the Dirac neutrino mass matrix also has the same structure as T-II-H-i given in Eq. (3.13).
And finally for the topology of type T-II-H-ii, the needed particle representations are presented in Table. V and the corresponding Feynman diagram is presented in Fig. 7 .
However, note that for the realization of this topology, singly charged scalar ξ + which carries +2 unit of U ( As already discussed, the different charge assignment of ν R1 leads to y S 1j = 0. Since this results in det(y S ) = 0, one of the neutrinos is massless. In all these models two chiral states remain massless, one of them is ν R1 that contributes to N ef f as discussed earlier. Particle content can be extended trivially for these two-loop models to give all three generations Dirac mass, which is unlike the case for the one-loop model presented earlier where one of Some of these processes put stringent constraints on the off-diagonal couplings. Whereas, flavor conserving processes give rise to electron and muon electric dipole moment and also 4 To give Dirac mass to all the neutrinos, one needs to introduce another singly charged scalar S + (1, 1, −4) and a charged neutral guy σ 0 (1, 0, −6). This neutral member needs to acquire VEV as well, which will give rise to a physical Goldstone bosons in the theory. Instead of listing all, we refer the reader to the most recent analysis [53, 54] and the references therein.
Three-loop models
Following the same spirit of the one-loop and two-loop models, one can also build models for three-loop Dirac neutrino mass within our framework. Here we show that minimal model can be constructed with just five BSM scalars, this number is the same as that of the two-loop models presented above. Three-loop models can be realized using the dimension-7
operator given in Eq. In our set-up, the minimal model for three-loop realization is presented in Table VI with the corresponding Feynman diagram shown in Fig. 9 . Completion of this diagram Table VII and the associated Feynman diagram is presented in Fig. 10 . another model (with topology T-III-F-ii-b) can be constructed.
All these three-loop models share the same Yukawa sector:
The relevant part of the scalar potential for the model with topology T-III-F-i is:
whereas for topology of type T-III-F-ii-a(b) it is:
All these three-loop models have the same form for the neutrino mass matrix:
Here g represents the SU (2) gauge coupling constant. Two of the neutrinos receive non-zero mass after the U (1) B−L and the EW symmetry are broken. The reason for the masslessness of the two chiral states is the same as the two-loop case as discussed above. [51] .
In that case, the imaginary part of σ 0 will become a physical Goldstone bosons due to an accidental global U (1) symmetry respected by the scalar potential, hence contributes to N ef f . However, this does not cause any serious problem since, this scalar does not couple directly to the SM fermions except the SM Higgs doublet. It can decouple from the thermal bath early in the universe if its coupling with the SM Higgs is somewhat suppressed 10 −3 ,
for details see for example [49, 51, 55, 56] .
Finally, we compare the simplest models presented here with the existing models in the literature that use only U (1) B−L symmetry, which is the case in our set-up as well but allow extra fermions in the theory. In [24, 29, 30] , the one-loop realization requires two BSM chiral fermions and three scalar multiplets. Similarly, two-loop realizations require more BSM states compared to our scenario here, in [24] , four chiral fermions and four scalars are introduced for two-loop implementation. On the other hand, three-loop model is not realization in the literature before. We remind the readers that within our framework, implementation of minimal one-loop model requires three, and minimal two-loop and threeloop models require five BSM scalar multiplets.
Conclusions
The baryon number minus the lepton number is a global symmetry of the SM that can be made anomaly free by introducing only three right-handed neutrinos ν R . Due to the presence of the right-handed partners ν R of the SM left-handed neutrinos ν L , it is natural to expect that like rest of the fermions of the SM, neutrinos are also Dirac in nature. Building models of radiative Dirac neutrino mass usually require the presence of ad hoc symmetries as well as additional fermions beyond the SM. These two requirements introduce extra complexities into the theory. By embracing the point of view that the imposition of ad hoc symmetries is least desirable, and well motivated ultraviolet completion of the SM may not contain additional fermions, in this work, we have proposed new simple models of radiative Dirac neutrino mass. In our framework, no tree-level Dirac and Majorana mass terms appear due to symmetry reasons. Within this set-up, we construct minimal models of Dirac neutrino mass at the (i) one-loop, (ii) two-loop and (iii) three-loop level. It is shown that the minimal one-loop model requires three scalar multiplets beyond the SM, whereas minimal two-loop and three-loop models require five. The presented two-loop and three-loop models of Dirac neutrino mass have not appeared in the literature before. Possible dark matter candidate in this class of models is briefly discussed.
